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1. Introduction

The key element of an impulse radiation or reception system is the
ultra-wideban,- (UWB) antenna. A UW[ transmitting antenna is
also a necessary component for a photoconductive UWB pulser [1-
3]. Anotner primary use of LRUVB antennas is for UWB system evalu-
ations, in which the antenna may be used as an accurate field sensor.

The Fourier transform of an ideal electrical impulse function reveals
that a radiated electromagnetic impulse contains frequency compo-
nents throughout the entire electromagnetic spectrum. Hence, in
UWB systems, an antenna is required whose characteristics are rela-
tively independent of frequency over a large bandwidth. One such
antenna is the conical monopole antenna (C.MA).

Distinguishing characteristics of the CMA are its ease of fabrication
and its axially independent radiation pattern, which may be desir-
able for various applications. Also, simple analytical expressions ex-
ist that predict radiated and received pulse shapes under certain
conditions that are easily satisfied by the choice of the pi rper size of
CMA. Furthermore, by adjusting a single parameter (the cone
angle), we can match the antenna to a wide variety of antenna feed
imrpedance values.

AApairl'ofCM-A's can -e . "avr;.cated at -tinimal cost in a machine shop
with the use of a lathe, abou-t $20 of copper material, and less than an
hour of technician time. More importantly, the performance of the
CMA as a receiving antenna can easily exceed that of a D-dot probe,
which can cost several thousand dollars.

In this report we present a simple explanation of the operation of the
CMA .and provide some analytical expressions that allow one to
deterrmine radiated and received pulse shapes and energies under
certain reasonable conditions. Results from some radiation and
reception experiments are also prcsented that verify the theoretical
development presented here.

In si-ort, from the information given here, designers should be able
to quickly and easily assemble conical antenna systems to meet their
wide-band radiation and/or reception design goals.
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2. Theory
The CMA is shown in figure 1. The figure also shows a D-dot probe
and a dipole antenna, which are often used in the same frequency
regime as field probes. A schematic view of a CMA is shown in fig-
ure 2. The ground plane provides an image plane for the cone, mak-
ing operation of this antenna similar to that of a biconical antenna.

Note that there are two primary design parameters, the cone angle 0
and cone length 1. We can develop a heuristic model of the conical
antenna by treating the conical antenna as a transmission line with a
characteristic impedance, ZA, estimated by [4-51

ZA= (Z,,/2r) ln [cot(0/2)]1 (1)

where Z, = 377 Q) is the characteristic impedance of free space.

As 0 approaches zero, ZA increases without bound. This limit corre-
sponds to a monopole antenna above a ground plane. Thus, the
resonant frequencies of the monopole are analogous to those of a
transmission-line-tuned stub. The resonances occur when the mono-
pole antenna length I is (2n + 1)/4 wavelengths, where n is an inte-
ger; the monopole therefore certainly does not exhibit a wide-band
characteristic.

Figure 1. Conical
monopole antenna
(CM A) (left), shown I.
with comparable
dipole antenna
(middle), and D-dot
probe (right) for size
comparison.

Figure 2. Conical
monopole antenna: (a) * (b)
(a) geometry and
(b) reflection at cone
boundary.

E/

transmission line

6



On the other hand, one can design the CMA with a characteristic
impedance that matches the source oJr feedline impedance by choos-
ing the appropriate angle e. Thus, an incident impulse or step-
function waveform will propagate into the matched conical antenna
with minimal reflection at the feedpoint.

Radiation of the incident pulse will then occur from two locations on
the cone. These locations correspond to areas where charge is accel-
erated, a necessary condition for radiation. First, radiation occurs at
the feedpoint as the incident pulse is launched onto the cone. Sec-
ond, radiation occurs from the end of the cone, where the pulse is
partially reflected and partially transmitted over the top of the cone,
as shown in figure 2(b). We may analyze the expected shape of the
pulse radiated or received by a CMA in the two limiting cases of a
"long" or "short" CMA.

2.1 Radiation from a Long CMA and Matched Source

We define a "long" CMA as a CMA that is excited by a driving pulse
with a pulse width significantly shorter than I/c, where I is the an-
tenna length as shown in figure 2(a). First, consider the long trans-
mitting antenna where ZA is matched to the source. As a pulse frorm
the source is launched into the antenna at the feedpoint, a temporal
replica of the pulse is radiated according to [41

E'k(t + r/c) = Z V , (2)
41crZA

where Ej1" is the electric field radiated on-axis and in the far field, r
is the radius from the antenna source to the field point, and Vt(t) rep-
resents the source voltage waveform. N4ote that the far field is polar-
ized in the z-direction as defined in figure 2(a). Were the CMA infi-
nitely long, this would be the only contribution to the radiated field,
a desirable property since the temporal shape of the driving pulse is
not distorted. One can achieve this condition artificially by provid-
ing resistive loading along the length of the cone, which attenuates
the signal as it propagates away from the feedpoint, preventing fur-
ther radiation at the endpoint of the cone [6].

In a practical CMA without resistive loading, the initial pulse of ra-
diation is followed by additional radiation that occurs when the
launched pulse reaches the end of the cone. Calculation of the radia-
tion due to both reflection of the pulse back toward the source and
transmission of the pulse over the top of the cone is a formidable
task, and no analytical solution exists. However, if an antenna is de-
signed with a large 1, the second radiation event can be made to fall
outside the time window of interest.
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2.2 Radiation from a Short CMA and Matched Source

Now consider the radiated field produced when the CMA is "short"
and ZA is matched to the source impedance. The CMA is considered
short if the driving pulse has a risetime and falltime much greater
than I/c. In this regime, radiation occurs from both the feedpoint
and the end of the cone simultaneously. in this case, th- behavior of
the CMA resembles that of a two-pole high-pass filter. The radiated
field corresponds to the second derivative of the dri\ ,,g pulse as ex-
pressed by [4]

Z, 3I2cos 0 d2V(t)
E"(t + r/c)= 3 4 0rrc -d- (3)

Therefore, a complete analytical solution for a short CMA exists;
however, the actual pulse shape can be displayed only after a nu-
merical integration is performed (fortunately, this is a simple and
accurate process).

2.3 Reception with a CMA and Matched Load

It is not possible to perfectly reproduce the temporal shape of the ra-
diated far field with a CMA used as a receiving antenna. But if the
rise and fail times offie radiated. pulse are bug compartd W i/C, ilie
CMA may be r2garded as short. An analytic expression for the re-
ceived voltage, Vr(t), at the matched load in this limit does exist and
is given by [4]

31!cos 0 dEz'(t)

V,(t) 2c dt (4)

where c = 3.0 x 10 r m/s, and a matched load of impedance ZA is as-
sumed. The response mathematically resembles that of a single-
time-constant high-pass filter that takes the first time derivative of
the pulse. Similarly, if the CMA is long, the CMA behaves as a
single-time-constant low-pass filter where an integral over time is
taken. The received voltage at the matched load is given by [4]

V,(t) Kf-- Eý`t)d . (5)

Thus we see that useful expressions predicting the received voltage,
as a function of the radiated electric field, exist and may easily be
used to perform UWB field characterization. Furtheimore, the
frequency-domain response can be calculated from the Fourier
transform of these equations.
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3. CMA Transmission and Reception Experiments

Several CM ' ".-'ere fabricated in Cu, each with a half-cc ne angle of
0 = 470 and a corresponding characteristic impedance of 50 Q. The
antennas were characterized in the frequency domain with a scalar
network analyzer (SNA) and in the time domain via an electro-
optically produced short electrical pulse. The results presented here
correspond to a CMA of length I = 2.7 cm, putting the antenna in the
short antenna regime for frequency f<< 11 GHz, and in the long an-
tenna regime forf >> 11 GHz.

3.1 Frequency-Domain Measurements

The return loss, SI,, of the antenna was measured with a Wiltron
5447A SNA and is shown in figure 3. The decrease in return loss
with increasing frequency at low frequencies corresponds to the first
derivative action of the CMA, as expected from equation (2).

S21 transmission measurements were also completed (fig. 4) for the
specific case of identical transmitting and receiving CMA's sepa-
rated by r = 12 cm. At the low end of the spectrum, where both an-
tennas are in the short antenna regime, the spectrum is characterized
by a rapid increase in transmission with respect to frequency due to
triple diffC:Cntiation; the radiating antenna performs a double dif-
ferentiation, while the receiving antenna performs a single differen-
tiation. Note that the transmission spectrum is constant to within ±5
dB over more than an octave above 6 GHz.

Figure 3. CMA return 10 , '
loss (Si) I

measurement.I I

0--

CO -10 -, . _ :Lt

- 2 0 ............... .' " .-..•. . . . . •! 'i .

i I

C

--40( -4

4 6 8 10
Frequency (GHz)
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Figure 4. CMA -20[--'I, - m

transmission (S 21)

measurement. 30 I 141

S-40 I
-4oJ - 4- -i - -- m

C

Ao -
U I I I

E -50 LL
CI $

_- I--0 - 1 -- i-i

-60 -.- - -- - - - -

0 8 12 16 20
Frequency (GHz)

3.2 Time-Domain Measurements

The time-domain measurement involved producing a square-pulse
excitation via a novel opto-electronic technique [7]. Briefly, the tech-
nique employs a high-Tc (critical temperature) superconductor
(HTS) opening switch that is activated by a short (<100-ps pulse
width) Nd:glass laser pulse. The experimental setup is shown in fig-
ure 5. While the HTS is in its normal zero-resistance state, the cur-
rent source charges the shorted transmission line to the current 10.
When the HTS is activated by the laser pulse, it suddenly opens,
producing a fast-risetime (-100 ps) pulse in the matched load. This
pulse is shown in figure 6(a). The matched load is replaced by the I =
1.6 cm CMA so that the energy can be radiated. A D-dot probe was
initially used to monitor the radiated field, but no signal was de-
tected; the probe was replaced by another CMA, which was used as
a receiving antenna. The setup is shown in figure 5(b).

The received pulse shape (fig. 6(b)) vividly illustrates that the com-
bined effect of the transmitting and receiving CMA's is to take the
third derivative of the square pulse used to excite the antennas. This
result is completely consistent with equations (3) ond (4).

3.3 Frequency-Domain Czlculations

Often it is desirable to obtain the frequency spectrum of the received
pulse so that we can assess the ultra-wideband performance of a sys-
tem under test. This may be accomplished through a fast Fourier
transform (FFT) algorithm. FFT algorithms are available as a part of
a wide variety of software packages.
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Figuwe 5. Setup for 11m 1.0cm
time-domain -4 _0
measurement using HTýS Z. Z-__
high-temperature z,. Shrted
superconductor z/.

1
JI tron-mission line _

(HTS). ZL = o=. 50 QŽ.
(a) Pulse delivered to
matched load,
(b) pulse transmitted
and received using
CM A's. (b) Transmitting Recei ving

CMA CMA

7-1T;~S Z.. ZL

\j} m I- - 0.6 m

Shorted
trarwmisaeon line

(a)

Figure 6. Pulse ..... 4 . .............. ....
shapes used in time- I I
domain... . .I1
measurements: .. !i4
(a) pulse delivered to .-. .................

load wiih setup of E..... . . . . .

fig. 5(a); 0
(b) transmitted and .. .... .. , ............ ........

received pulse with A ___ __

setup of fig. 5(b). (b

...............

I7t,

1 ns/div

* Implementing the algorithmn typically involves sampling the time-
domain waveform at a specific time interval, At. The sampling inter-
val must be less than half thle reciprocal of the highesf frequency
contained in thle wvaveformi; this is a consequence of the Nyquist cri-
terion. In addition, a pul~sed waveform must bc sampled cvcr a time
interval that is significantly longer than thle pulse width. One usu-
ally lengthens this timc interval by padding the data file with zeros,
which wvould correspond to a null signal outside the time window

L M 
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for which data are available In practict, we found that the time in-
terval over which the signal is sampled should be at least four times
greater than thl. pulse width.

If there are N sample points, the FF3 algorithin will then create a
new array V', of either N or N/2 points (check the manual on your
software package). The spectral density function Vr(f) may be plot-
ted with respect to frequency fas follows:

I V(tl = At I Vi
J n/AtN (.

Frequencies corresponding to n > N/2 are disregarded, since they
do not satisfy the Nyquist criterion. Other normalization constants
may be needed; for specific details, check the manual on the soft-
ware package.

Finally, one may plot the power spectrum of the received pulse (fig.
7) by squaring the spectral density function, V,(f),, and dividing by
the load impedance RL. The units of this graph will Lie energy per
unit bandwidth. The area under this power-spectrum curve must
equal the total energy dissipated in the load, which is also the area
under the curve: V,(t)2-RL versus t. Thus, one can calibrate the units
of the power-spectruin curve by comparing thiee two areas.

To graph the spectrum of the field E(t), rather than the rece'ved
waveforra Vr(t), one can apply the frequency-domain versions of
equations (4) or (5) to the frequency-domain graph. For instance, for
a short antenna,

V(f) 312cosO 4 E0l) . (7)

Thus, the CMA combined with ,nome simple software algorithms
may be used in deducing the spectrum of the received field.

3.4 Antenna Pattern Measurements

Finally, the antenna pattern of the CMA was assessed. Measure-
ments were completed on the 2.7-cm CMA at a frequency of 2.0 GHz
(short CMA regime) in an anechoic chamber. The normalized plot of
the 1'-polarized radiation pattern is given in figure 8. As expected,
nulls exist at 0'. where radiation is shadowed by the top of the cone,
and at 180', where radiation is shadowed by the ground plane. The
peak field is measured at an elevation angle coincident with the cone
angle of -470.
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Figure 7. Power 80 I -

spectrum of received
pulse derived via a

fast Fourier transform -
(FFT) of received 60
pulse.

40

0

CL

0 00 2 4 681
Frequency (GHz)

Figure 8. Normalzed 0

CMA (I = 2.7 cm 1 0
vertically polarized
antenna pattern -30
measured at 2.0 GHz.
Orientation of CMA
is shown at center.

Measured field6
polarization is 0\

indicated by arrows.

-90 \40 . 20 ' 1 90$

qY
-1 20 •-120

-150 ••15C

180

Elevation angle (0)
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4. Conclusion
This experimental work verifies that, indeed, the CMA is a viable
antenna for both transmission and reception of UWB electromag-
netic pulses. This anteruia has two primary advantages over other
wideband antennas. First, the simple antenna geometry makes the
CMA easy and inexpensive ti fabricate, and by simply choosing the
proper cone angle, one can design the CMA to match a wide variety
of feedline impedances. Second, by judicious choice of antenna
length, the antenna can be operated in either the "short antenna" or
"long antenna" regime. In both these regimes, simple analytical
expressions exist for the radiated and received signals. Thus, meas-
ured waveforms can easily be converted into equivalent measure-
ments of the field being probed by simple integration or differentia-
tion. One can also easily determine the spectrurr of the received
field by using an FFT on the received waveform and multiplying by
a simple scaling factor.
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